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Abstract: For complete removal of cancerous tissue in esophageal squamous cell carcinoma 
(ESCC), intramural metastasis (IM) should be identified preoperatively or intraoperatively. 
Here, multiphoton microscopy (MPM) was introduced for label-free identification of IM in 
the esophageal wall, by a combination of two-photon excited fluorescence (TPEF), second 
harmonic generation (SHG) imaging, and spectral analysis. Three-dimensional (3D) imaging 
of the IM region was also performed. Quantitative parameters, including 3D fiber orientation, 
were measured by 3D-weighted orientation vector summation. Overall, MPM showed the 
potential to identify IM. With the development of the advanced MPM endoscope, clinical 
identification of IM by MPM will be possible. 
© 2017 Optical Society of America 
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1. Introduction 
In surgeries for esophageal squamous cell carcinoma (ESCC), it is essential for the surgeons 
to completely remove the tumor tissue [1]. However, ESCC is often accompanied by 
intramural metastasis (IM), which is not easily detected preoperatively [2]. Recent studies 
have shown that IM occurs in 10-15% of advanced ESCC and such cases indicate a poor 
prognosis [3,4]. A study by Ide et al. recommended a 5-cm resection margin because most 
IMs are found in a distance less than 5 cm from the primary tumor [5]. Although this would 
have the potential to improve the clinical outcome of ESCC, more normal tissue will be 
removed than is required in a case of no IM, leading to an abnormal esophageal function. In 
order to determine a curative surgical margin, accurate detection of IMs by an advanced 
preoperative or intraoperative detection technique is necessary. 

In the past few years, multiphoton microscopy (MPM) that relies on two-photon excited 
fluorescence (TPEF) and second harmonic generation (SHG) has experienced rapid growth in 
its application to cancer research [6–9]. By employing a near-infrared laser light, two photons 
are absorbed simultaneously to excite a fluorophore. Owing to the long wavelength and low 
energy of these photons, MPM can achieve deeper tissue penetration and minor phototoxicity. 
In particular, the major sources that are endogenous biomarkers include reduced nicotinamide 
adenine dinucleotide (NADH), flavin adenine dinucleotide (FAD), keratin, collagen, and 
elastin fibers. Together, these advantages make MPM suitable for label-free imaging of 
biological tissue. In this work, we attempted to evaluate whether MPM has the ability to 
identify IM in the esophageal wall. IM in esophageal cancer consists of a metastatic lesion 
from the primary tumor to the esophageal wall without intraepithelial cancer extension. It has 
also been reported that IMs in ESCC are caused by lymphatic invasion to the submucosal 
layer [10]. To histologically detect IMs by MPM, the submucosal tumor was identified to be 
an IM of ESCC according to this definition. Figure 1 shows a morphological diagram of IM 
in the esophageal wall, and the position of IM was our region of interest. 

 

Fig. 1. Morphological diagram of IM in the esophageal wall. 

For label-free identification of IMs in the esophagus, unstained frozen sections of human 
esophageal tissue obtained from surgically excised tissue were analyzed. Until now, routine 
hematoxylin and eosin-stained (H&E-stained) tissue remains the gold standard for definitive 
esophageal cancer diagnosis. Therefore, corresponding H&E-stained sections were also 
prepared for confirmation of IM. To our knowledge, this is the first examination of MPM 
features of intramural esophageal metastases that could lead to further studies in intact tissue. 
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2. Materials and methods 

2.1 Tissue sample preparation 

Informed written consent for this research was obtained from each patient before the 
procedure, and the Institutional Review Board of the Affiliated Union Hospital approved this 
study. Resected specimens were obtained far from the primary tumor, at a distance of 1-5 cm, 
from 34 patients with squamous cell carcinoma (SCC) of the esophagus. The fresh tissue 
blocks were immediately sent from the operating room to the pathology laboratory after 
resection, were embedded in an optimal cutting temperature (OCT) compound, and were 
frozen in a freezing microtome. Then, the frozen blocks were sectioned into five serial frozen 
sections (one with 5-μm thickness and the others with 10-μm thickness) perpendicular to the 
esophageal layers. The middle one (5-μm thickness) that was reviewed by experienced 
pathologists was stained with H&E and four samples were confirmed with IM. The rest of the 
frozen sections of these four samples were using for two-dimensional (2D) MPM imaging. In 
addition, the corresponding tissue blocks of these four samples were also sectioned into five 
serial frozen sections (30-μm thickness) parallel to the esophageal layers for 3D MPM 
imaging. Figure 2 shows a diagram for preparation of the frozen sections. Once the frozen 
sections were prepared, they were sent to the multiphoton laboratory, using a standard 
pathologic transport container for MPM imaging that day. If the sections were obtained too 
late, they were stored in a refrigerator at −80°C and were imaged the next day. The 
clinicopathological characteristics of these four patients are shown in Table 1. However, the 
number was too small to perform a more rigorous evaluation. More samples will be collected 
in a future study. 

 

Fig. 2. A diagram outlining the preparation of frozen sections. 

Table 1. The clinicopathological characteristics of four patients with squamous cell 
carcinoma 

 Gender Age Depth of primary 
tumor invasion 

Residual 
tumor 

Intramural Metastasis 
 

Location Distance from Primary 
tumor (cm) 

Size 
(mm × mm) 

1 male 55 muscularis propria R0 Lt 2.2 5.0 × 3.0 

2 female 67 submucosa R0 Lt 1.5 3.5 × 2.5 
3 female 63 muscularis propria R0 Ut 1.6 2.7 × 2.5 
4 female 52 muscularis propria R0 Lt 2.4 2.4 × 1.8 

R0: no residual tumor, Lt: lower thoracic, Ut: upper thoracic 
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2.2 Label-free multiphoton imaging 

Before MPM imaging, the sections were submerged in a phosphate-buffered saline solution to 
avoid dehydration and covered with coverslips. Then, the samples were put onto an optional 
HRZ 200 fine-focusing stage (HRZ 200; Carl Zeiss, Inc.) of the system for imaging. The 
commercial microscope (Zeiss LSM 510 META, Jena, Germay) equipped with a mode-
locked femtosecond Ti: sapphire laser (tuning range of 700-980 nm, Mira 900-F; Coherent, 
Inc.) used in this work has been described elsewhere [11]. Here, an oil immersion objective 
(Plan-Apochromat 63 × , N.A. 1.4; Zeiss) was used for collecting the backscattered signals. 
Then, the signals were directed to the META detector. Two separate channels were used to 
record the SHG signals (387-419 nm, green color-coded) and TPEF signals (430-710 nm, red 
color-coded). The exciting power was 5-10 mw and the excitation wavelength was 810 nm. 
The scan time for a 2D image was 1.57 s and the measured resolution was 0.29 μm per pixel. 

3. Results 
3.1 2D optical identification of IM in the esophageal wall 

To investigate whether MPM had the potential to histologically identify IMs in the 
esophageal wall, longitudinal frozen sections perpendicular to the esophageal layers were 
imaged. Figure 3 showed the representative MPM image and corresponding H&E-stained 
image of full-thickness esophageal tissue with an IM in the submucosa. Figure 3(a) and 3(b) 
consisted of the TPEF and SHG images, respectively. In Fig. 3(c), each layer of the 
esophageal wall and the interfaces between the layers were clearly differentiated because the 
endogenous signals of the adjacent layer were different. Hence, the position of the submucosa 
was easily discernible. The submucosa was mainly made up of fibrous tissue that was marked 
by green, red, or yellow colors (the overlay of green and red colors). In the fibrous tissue, an 
IM (arrow) that was composed of abnormal cells (red color) was found. However, the normal 
structure of the esophageal mucosa, which consisted of stratified squamous epithelium, 
lamina propria, and muscularis mucosae, was still maintained. The corresponding H&E-
stained image shown in Fig. 3(d) displayed the same details as the MPM images. 

 

Fig. 3. Representative MPM images and corresponding H&E-stained image of full-thickness 
esophageal tissue with an IM in the submucosa. (a) TPEF image; (b) SHG image; (c) Overlay 
of TPEF and SHG image; (d) H&E-stained image (magnification, 40 × ). Arrow: IM; scale 
bar: 200 μm. 

Nevertheless, more detailed cytological information about the IM should be obtained by 
MPM. Previous studies have shown that MPM has a resolution comparable to that of routine 
H&E-stained images [12–14]. In order to better identify the IM and distinguish between the 
IM and surrounding fibrous tissue, a higher magnification view of the IM region and 
surrounding fibrous tissue is presented in Fig. 4. Figures 4(a) and 4(b) consisted of the TPEF 
and SHG images, respectively. As shown in Fig. 4(c), the fibrous tissue consisted of collagen 
fiber and elastic fiber. The collagen fiber was detected by SHG signals (star) or SHG/TPEF 
signals (arrowhead), while the elastic fiber (arrow) was identified via TPEF signals. Even so, 
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the fibrous tissue was primarily discerned by the SHG signals of the collagen fiber since it has 
a non-centrosymmetric molecular structure that is suitable for generating SHG signals [15]. 
The IM, which had an obvious cellular structure, consisted of a mass of tumor cells (triangle) 
with different shapes and sizes, making it easily distinguishable from the surrounding fibrous 
structure. In particular, the tumor cells produced TPEF signals, while the surrounding tissues 
not only emitted TPEF signals but also produced SHG signals. Otherwise, the TPEF signals 
of the tumor cells were emitted by structural proteins, NADH, and FAD, leading to further 
identification of the IM among the fibrous tissue. Although the corresponding H&E-stained 
image in Fig. 4(d) was consistent with the MPM image, the fibrous tissue in the H&E-stained 
image was not well discerned. This ability to identify fibrous tissue was an advantage of 
MPM imaging when compared to routine H&E-stained images. These results show that MPM 
cannot only histologically identify an IM, but also qualitatively analyze the difference 
between the IM and surrounding fibrous tissue. Owing to the different endogenous 
components of an IM and surrounding fibrous tissue, spectral imaging was also performed. 
The spectra of the region of interest and the corresponding cover glass were obtained under 
the same condition. The final spectra were obtained by the spectra of the region of interest 
minus the spectra of the corresponding cover glass. After the subtraction of this background, 
the averaged normalized multiphoton emission spectra of the IM and surrounding fibrous 
tissue of the four patients are shown in Fig. 4(e). The endogenous signals of each peak of 
cells and fibers had been described in detail in our previous work [16]. Briefly, the main 
components of the surrounding fibrous tissue were collagen fibers (405 nm) and elastic fibers 
(510 nm), while those of the IM were structural proteins, NADH and FAD (510, 475, 535 
nm), of the tumor cells. This obvious difference in the emission spectra at 405 nm indicated 
that MPM could be used for spectral discrimination between an IM and surrounding tissue, 
thus effectively identifying the boundary between them. The boundary was indicated by white 
circles, both in the SHG image and the overlay of the TPEF and SHG images. 

 

Fig. 4. Higher magnification view of the region of the IM and surrounding fibrous tissue and 
their averaged normalized multiphoton emission spectra. (a) TPEF image; (b) SHG image; (c) 
Overlay of TPEF and SHG image; (d) H&E-stained image (magnification, 40 × ); (e) 
Normalized multiphoton emission spectra. Star: collagen fiber detected by SHG signals; 
arrowhead: collagen fiber was detected by SHG/TPEF signals; arrow: elastic fiber identified 
via TPEF signals; triangle: tumor cells; scale bar: 50 μm. 

3.2 3D optical imaging of IM 

In addition to allowing histological identification of the region of IM similar to routine H&E-
stained images, MPM clearly imaged the fibrous tissue and spectrally identified the boundary 
between the IM and surrounding tissue. However, these processes were accomplished using a 
2D method. A future clinical application should be performed by 3D optical imaging. In order 
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to further investigate whether MPM can be used for 3D optical imaging of an IM, Z-stack 
imaging was performed at Z intervals of 1 μm, and a maximum penetration depth of 25 μm 
was acquired. A Z-stack of MPM images, which is shown in Fig. 5, was obtained at a scan 
time of 39.25 s and was an orthogonal view giving the XY, XZ, and YZ plane on a certain 
spot. Figure 5(a) and 5(b) show the TPEF and SHG images, respectively. By moving the 
green, red, and blue lines in Fig. 5(c), the section plane can be positioned at any XYZ 
coordinate of the Z-stack, leading to an accurate identification of the position of the IM. The 
XY plane showed one of the 2D images of the stack. Similar information to Fig. 4(c) was also 
acquired, including collagen fiber that emitted SHG signals (star) and SHG/TPEF signals 
(arrowhead), elastic fiber (arrow) that produced TPEF signals, and tumor cells (triangle). The 
region of the IM in the three planes was marked by a white circle. In the XZ and YZ planes, 
the precise thickness of the IM in the Z-direction could be described. However, this image 
just showed part of the IM since the penetration depth was limited. If the excitation light can 
penetrate the whole layers of the esophageal wall, it can be foreseen that the histological 
image of the IM in the esophageal wall similar to Fig. 3(c) will be shown in the XZ plane. 
These results indicated that 3D identification of the region of IM in esophageal tissues is 
possible by Z-stack imaging. 

 

Fig. 5. Orthogonal view of a Z-stack image of an IM. (a) TPEF image; (b) SHG image; (c) 
Overlay of TPEF and SHG image. Star: collagen fiber detected by SHG signals; arrowhead: 
collagen fiber was detected by SHG/TPEF signals; arrow: elastic fiber identified via TPEF 
signals; triangle: tumor cells; white circle: IM; scale bar: 20 μm. 

3.3 3D fiber orientation and 3D directional variance for assisted identification of IM 

As mentioned above, MPM had the advantage of imaging fibrous tissue surrounding the IM, 
especially collagen fibers, when compared to routine H&E-stained images. Therefore, our 
study wanted to present this advantage in a quantitative manner since many groups have 
shown that unwanted changes in collagen fiber architecture provide a potential biomarker for 
diagnosing diseases or injuries [17–21]. Here, we investigated whether there was any 
alteration in the collagen fibers surrounding the IM compared to collagen fibers in normal 
submucosa. The 3D fiber orientation and 3D directional variance of collagen fibers 
surrounding the IM and collagen fibers in normal submucosa were measured by using a 3D-
weighted orientation vector summation technique that was reported in a study by Liu et al. 
[22,23]. They defined two angles (φ and θ) to depict 3D fiber orientation, as shown in Fig. 
6(a). They also indicated that a higher value of 3D directional variance indicated more 
random fiber arrangement and a lower one showed more highly aligned fibers. In our study, 
two normal areas and two areas containing collagen fibers surrounding the IM of each patient 
were calculated. The 3D reconstruction of the collagen fibers in normal submucosa and the 
collagen fibers surrounding the IM are shown in Figs. 6(b) and 6(c), respectively. By 
applying this technique to these two types of 3D stacks, φ and θ distributions of the normal 
case (Figs. 6(d) and 6(e)) and IM case (Figs. 6(f) and 6(g)) were obtained. The φ distribution 
of the two cases showed a peak at approximately 90°, indicating that most of the fibers were 
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parallel to the XY plane. The θ distribution of the normal case showed two peaks at 
approximately 40° and 140°, indicating that two main orientations of the fibers dominated the 
alignment. However, the θ distribution of the IM case presented one peak at approximately 
60°, corresponding to one preferred orientation of most fibers. In Fig. 6(h), the value of the 
3D directional variance of the normal case (0.873 ± 0.003, n = 8) was higher than that of IM 
case (0.727 ± 0.001, n = 8). These results showed that the collagen fibers in the IM case were 
more aligned than that in the normal case. The arrangement of collagen fibers during 3D 
identification of an IM in the submucosa may be used as a biomarker for diagnoses of IMs. 

 

Fig. 6. 3D fiber orientation and 3D directional variance of collagen fibers surrounding the IM 
and collagen fibers in normal submucosa. (a): Two angles (φ and θ) that depict 3D fiber 
orientation [23]; (b) 3D reconstruction of a collagen fiber in normal submucosa; (c) 3D 
reconstruction of a collagen fiber surrounding the IM; (d): φ distribution of normal case; (e) θ 
distribution of normal case; (f) φ distribution of IM case; (g): θ distribution of IM case; (h) 3D 
directional variance. Scale bar: 20 μm. 

4. Discussion 
Cancer of the esophagus, predominantly ESCC, is one of the most common types of 
gastrointestinal cancer worldwide and especially in China, where it is the fourth leading cause 
of cancer-related deaths [24]. Although several treatment strategies were introduced, surgery 
is considered the mainstay of ESCC treatments. However, the total outcome was still poor 
with a ten-year survival rate of less than 15% [25]. This is due to the recurrence of ESCC 
originating from residual cancer cells. Even if the resection margins were clean, subepithelial 
lesions, such as IMs, may remain beyond the margins [1]. In addition, the prognosis of ESCC 
with an IM was much poorer than for that without an IM. 

The presence of an IM is considered the typical pathway for tumor spread in ESCC. IMs 
are often detected in the submucosal layer without intraepithelial spread and with a frequent 
erosion or ulceration. Previous literature depicted that erosion or ulceration was observed in 
42.9% of the detected cases [26]. However, with the absence of erosion or ulceration, a 
preoperative diagnosis of IM is difficult. In addition, an IM is often observed inside the 
esophageal wall far from the primary lesion and the size is small in some cases. To determine 
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the line of dissection of the esophagus during surgery, all IMs should be detected 
preoperatively. In these cases, a new preoperative or intraoperative detection technique 
should be introduced. Hence, MPM was used to study IMs in the submucosa of esophageal 
tissue. 

In our present study, we demonstrated the ability of MPM to histologically identify an IM 
and surrounding fibrous tissue based on SHG and TPEF signatures. Furthermore, the 
emission spectra of an IM and fibrous tissue could be used to discern the boundary between 
them. To evaluate whether MPM had the potential to generate 3D images of an IM, 3D 
imaging of the IM region was also performed. Lastly, the differences between normal 
collagen fibers and the collagen fibers around an IM were quantitatively analyzed, since the 
structural changes in collagen fibers may be a potential biomarker for diagnosing cancer. 

It is important to note that our results were obtained with frozen sections. Some 
limitations must be overcome before MPM can be integrated into current clinical practice. For 
example, the thickness of the esophageal wall with an IM was approximately 6-10 mm, and 
the IM was often in the submusosal layer at distance of 1.5-3 mm to the surface in this study. 
This typical position of an IM rendered the need for a technique with high-penetration depth. 
Since multiphoton microscopy was first introduced, many groups devoted themselves to 
increasing the penetration depth by different changes in the work path. Because the maximum 
penetration depth is usually limited by the amount of laser power, the laser repetition rate that 
can redistribute the laser power was optimized in a study by Beaurepaire et al. [27]. A study 
by Makale reported an MPM system acquiring a penetration depth of 750 to 800 μm by 
incorporating high-NA, long-working-distance, water-dipping lenses [28]. Equipped with a 
passive predispersion compensation system, MPM achieved more than a threefold increase in 
penetration depth [29]. Because the penetration depth in biological tissue is also commonly 
limited by scattering produced by turbid media [30], biocompatible optical clearing agents, 
which can reduce scattering enhanced contrast and thus increase penetration depth, were 
applied [31]. Though the penetration depth in skin is almost 150 to 200 μm now, the detection 
of IMs in the esophagus might be possible in the future. There are other challenges that must 
be overcome, including the total cost of the technique and motions during the surgery. 
However, this technique has been improved at a rapid pace, including the development of 
multifocal multiphoton microscopy [32, 33], a miniaturized multiphoton endoscope system 
[34], and an inexpensive fiber-optic scanning multiphoton endomicroscope [35]. Every effort 
has been made to facilitate the clinical application of MPM. 

In summary, this study showed that MPM has the potential ability to detect an IM and 
identify the boundary between an IM and fibrous tissues. It is expected that MPM can be used 
in clinical research in the future with the development of a new MPM endoscope system. 
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